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When noise checks are small, spatial noise mimics the effect of white noise in grating detection in the 
sense that contrast energy threshold is directly proportional to the spectral density of noise and the 
physical signal-to-noise ratio at threshold thus remains constant. We investigated how the size and 
shape of noise checks affect the masking properties of noise by using vertical and polar-circular 
gratings embedded in the spatial noise. The noise check shape and area was varied in both horizontal 
and vertical dimensions. For polar-circular gratings, noise mimicked the effect of white noise when 
both the noise check width and height were below a critical size. For vertical gratings there was a 
critical noise check width, but not critical noise check height. Thus, when the noise check side length 
was at or below the critical size across the grating bars, and at or below the stimulus size along the 
grating bars, contrast energy threshold was proportional to the spectral density of noise, calculated 
by multiplying the noise check area by the r.m.s contrast of noise squared both for one- and 
two-dimensional check noises. 
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INTRODUCTION 
When the spectral density of external spatial noise 
exceeds the effects of other noise sources, such as internal 
neural noise (e.g. Watson, Barlow & Robson, 1983; Pelli, 
1990; Luntinen, Rovamo & Nfisfinen, 1996) or quantal 
noise (Nagaraja, 1964; Pelli, 1990; Rovamo, Mustonen 
& N/isfinen, 1994), on the detection of spatial contrast 
signals, threshold becomes determined by the external 
spatial noise, in the sense that the physical signal-to- 
noise ratio is constant at threshold (Rovamo, Franssila 
& N/is/inen, 1992; Rovamo, Kukkonen, Tiippana & 
Nfisfinen, 1993a). Thus, for a fixed spatial stimulus 
embedded in external noise with high spectral density, 
contrast energy threshold is directly proportional to the 
spectral density of noise. 
Considerable spectral densities of external spatial 
noise are needed at low and high spatial frequencies 
(Luntinen et al., 1996) and in dim light (Rovamo et al., 
1995), where the masking effects of internal neural and 
quantal ight-dependent oises are high. One way to 
increase the masking power of the spatial "checker- 
board" noise, consisting of rectangular noise checks, is 
to increase the r.m.s, contrast of the noise. However, 
such high spectral densities are sometimes needed that 
even the theoretical maximum of r.m.s, contrast is not 
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enough. The required noise spectral density can then be 
obtained by increasing the size of the noise checks. The 
increase of the check size enhances the spectral density 
of noise at low spatial frequencies, but it also reduces the 
cut-off frequency of noise and thus limits the spatial 
frequency range where noise can be regarded as white. 
For square-shaped noise checks there is a largest, 
i.e. critical, noise check size (Kukkonen, Rovamo & 
Nfisfinen, 1995) that still mimics the effect of white noise 
on grating detection, in the sense that contrast energy 
threshold is proportional to the spectral density of 
two-dimensional spatial noise, calculated as the product 
of the check area and r.m.s, contrast of noise squared. 
The same critical size also produces the maximal mask- 
ing effect. The critical noise check size decreases with 
increasing spatial frequency but increases with stimulus 
bandwidth, which depends on the number of grating 
bars within the stimulus. 
If only the spatial characteristics of noise along the 
dimension of luminance modulation were important in 
determining the critical check size of noise, the spectral 
density of spatial noise could be further increased, 
without affecting the whiteness of noise, by increasing 
the size of noise checks along the dimension without 
luminance modulation, i.e. along grating bars of one- 
dimensional gratings. In theory, the maximum masking 
effect would then be obtained when noise checks are as 
long as grating bars, i.e. noise is one-dimensional. This 
suggests that spectral density should be calculated by 
taking into account both spatial dimensions of the noise 
checks even in the case of one-dimensional noise. This 
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aspect of calculating noise spectral density has not been 
thoroughly considered in previous studies, which have 
generally employed either two-dimensional noise with 
square checks, or one-dimensional noise (Kersten, Hess 
& Plant, 1988; Legge, Kersten & Burgess, 1987; Kersten, 
1984; Pelli, 1981). 
On this basis, we studied (i) whether the masking 
effect of spatial noise could be increased, without com- 
promising the whiteness of noise, by enlarging the check 
size along the spatial dimension without luminance 
modulation, i.e. along the bars of one-dimensional 
grating, (ii) whether the spectral density of one- 
dimensional noise is calculated by taking into account 
both spatial dimensions of the noise checks, and (iii) 
whether the shape of noise checks has any effect on the 
masking properties of check noise. As test stimuli we 
used both simple vertical cosine gratings and polar- 
circular gratings with a radial luminance modulation, 
and varied the shape and area of rectangular noise 
checks. The luminance modulation of a polar-circular 
grating is two-dimensional, and therefore it served as 
a suitable control stimulus for the one-dimensional 
vertical gratings. 
METHODS 
Apparatus and stimuli 
Grating stimuli were generated under computer 
control on a 16 in. high-resolution colour monitor used 
in a white mode, and driven at 60 Hz by a VGA graphics 
board that generated 640 x 480 pixels. The pixel size was 
0.42 × 0.42 mm 2 on the screen. The average photopic 
luminance of the display was 50 cd/m 2. The non-linear 
luminance response of the display was linearised by 
using its inverse function when computing the stimulus 
images. A more detailed escription of the apparatus can 
be found in Rovamo et al. (1993a). 
A video summation device (Pelli & Zhang, 1991) and 
2 x 2 periodic dithering signal (N~is~inen, Kukkonen & 
Rovamo, 1993) allowed us to obtain a monochrome 
signal of 1024 intensity levels from a monochrome 
palette of 65,536 intensity levels. The contrast of the 
grating stimulus displayed was independent of 
orientation and spatial frequency up to 2 c/cm. 
A one-dimensional vertical cosine grating with a hori- 
zontal luminance modulation and a two-dimensional 
polar-circular cosine grating with a radial luminance 
modulation were used as stimuli in our experiments. 
Spatial frequency was 0.372c/cm and the stimulus 
window 10.7 x 10.7 cm 2 on the screen. Spatial frequen- 
cies of 0.75 and 3 c/deg were obtained by using viewing 
distances of 116 and 462cm respectively. Thus the 
number of cycles shown was 4, and the grating band- 
width was constant in octaves. The stimulus window was 
surrounded by an equiluminous field limited to a 20 x 
20 cm 2 square by a black cardboard mask on the screen. 
Stimuli were embedded in external spatial noise. 
Spatial noise was produced by adding to each noise 
check within the grating area a random number drawn 
independently from a Gaussian distribution, which had 
a mean of zero and was truncated at _+2.5 SD-units. The 
r.m.s, contrast of noise was varied by changing the 
standard deviation of the Gaussian luminance distri- 
bution. The luminances of the neighbouring noise checks 
were uncorrelated. Thus noise was white at low spatial 
frequencies, but then its spectral density started to 
decrease when spatial frequency was approaching the 
cut-off frequency determined by the size of noise checks. 
The side lengths of noise checks were varied in the 
horizontal and/or vertical direction. Each noise check 
consisted of n x m pixels. The maximal side length of the 
noise checks used was 256 pixels, which was equal to 
the side length of the stimulus window, and thus made 
the check noise one-dimensional. 
Examples of the stimuli used in the experiments are 
shown in Fig. 1. The r.m.s, contrast of the stimuli and 
noise are constant but check shape varies. 
Contrast energy of the signal was calculated by 
numerically integrating the square of the contrast 
waveform c(x i ,y / )  of the signal: 
n 1 m I 
E = • Z cZ(x, 'y/)P 2, (I) 
i=0  / -0  
where p is the side length of the pixel in cm on the screen 
or degrees in the visual field. The contrast waveform 
is c(x i ,y j )  = [L (x j ,y j ) -  Lo]/L o, where L(x i ,y j )  is the 
luminance at location (x,, y/) on the screen and L0 is the 
average luminance across the screen. 
The spectral density function of two-dimensional 
spatial noise (Legge et al., 1987) is given by 
: Fsin(rtf,,n~)~2Vsin(~fyn:.)-] "- 
N(L , f~ . )  = n~n,c,, i  . . . . .  i t - -  i (2) 
• " L J L J 
where nx and n:. are the horizontal and vertical side 
lengths of the noise checks in cm or degrees, c, is the 
r.m.s, contrast of noise, i.e. the standard eviation of the 
Gaussian luminance distribution of noise divided by 
the average screen luminance, and f~ and fy are the 
spatial frequencies along the horizontal and vertical axes 
of Fourier space. 
At low spatial frequencies, where the magnitude of 
noise is constant, the spectral density can be calculated 
by multiplying the square of the r.m.s, contrast of noise 
by noise check area in solid degrees: 
N(O, O) = c2,nxn,.. (3) 
The same formula was applied irrespective of whether 
the noise was one- or two-dimensional. The Nyquist or 
FIGURE I (facing page). Vertical and polar-circular cosine gratings consisting of 4 cycles and embedded in check noise. For 
the vertical grating on the left the width × height of the noise checks i 4 x 64, 8 x 32 and 256 x 1 pixels from the top to bottom. 
For the polar-circular g ating on the right he width x height of the noise checks i 1 x 256, 16 x 16, and 128 × 2 pixels from the 
top to bottom. 
F IGURE I. Caption opposite. 
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cut-off requency of check noise (Pelli, 1981) was defined 
as  
f = l/(2n), (4) 
where n is the side length of the noise checks in the 
horizontal or vertical direction. 
Procedures 
Contrast energy thresholds were determined by 
a two-alternative forced-choice algorithm at the 
probability level of 0.84 of correct responses (Wetherill 
& Levitt, 1965). The procedure is described in detail 
by Mustonen, Rovamo, and N~is/inen (1993). The ob- 
server's task was to indicate in which of the two 500 msec 
exposures he saw the stimulus by pressing one of two 
keys on a computer keyboard. An auditory feedback 
indicated whether the response was correct or not. The 
contrast energy at threshold was estimated as the arith- 
metic mean of the last eight reversal contrasts. Each data 
point is the geometric mean of at least three threshold 
estimates. 
The experiments were performed in a dark room, 
where the only light source was the computer screen. The 
head of the subject was stabilised by using a chin 
rest. The stimuli were viewed binocularly with natural 
pupils of 5-6 mm in diameter. Thus the average retinal 
illuminance produced by our display was about 
1200 phot. td. Subjects were asked to fixate the centre of 
the stimulus. No fixation point was used. 
Subjects 
Three subjects, aged 27, 28, and 30 years, served as 
observers. Informed consent was obtained from all 
subjects after the experimental procedures had been 
fully explained. OU was a corrected non-astigmatic 
anisometrope (OD + 0.75 DS/OS - 0.75 DS) with bin- 
ocular Snellen acuity of 6/4. HK was an uncorrected 
hyperope (+0.5 DS OA) with binocular Snellen acuity 
of 6/4. JM was a corrected astigmatic myope 
(OD-  1.5 DS/OS-  0.50/-0.50 × 180) with binocular 
Snellen acuity of 6/3.5. 
Explained variance 
The variances explained by the least-squares lines 
fitted to Fig. 5 were calculated by 
r 2= 100 
n-- 1 1 
(log E i -  log EiEsT) 2 
1 - i=0  %,  
n I 
(log E~- EAvE)2 
i=0 
(5) 
where Eg refers to the data, EiEsx to the estimates 
calculated using the least-squares linear equation fitted 
to the data, and 
n I 
EAVE = n- '  ~ log Ei. (6) 
i=0 
We used log Ei instead of Ei, because Ei was plotted on 
a logarithmic scale. 
RESULTS 
In the first experiment, contrast energy thresholds E
were measured for vertical cosine gratings as a function 
of increasing height of noise checks. Their width was 
constant at 1 pixel. The side length of noise checks thus 
increased only along the grating bars. The r.m.s, contrast 
of noise was either constant or decreased in inverse 
proportion to the noise check height. The spectral 
density of noise at zero frequency N(0, 0) thus either 
increased with increasing noise check area from 3.87 to 
989 × 10 5deg2 for the spatial frequency of 0.75 c/deg 
and from 2.44 to 625 × 10 6deg2 for the spatial fre- 
quency of 3 c/deg, or remained constant at 2.11 × 10 4 
and 1.33 × 10 -5 deg 2 for 0.75 and 3 c/deg, respectively. 
The results, which are plotted in Fig. 2, are expressed in 
terms of the physical signal-to-noise ratio at threshold 
R = [E/N(O, 0)] 0.5 and plotted as a function of the height 
of noise checks (n,) expressed in terms of a fraction of 
a grating cycle. 
As Fig. 2 shows, the physical signal-to-noise ratio at 
threshold, i.e. the square-root of the ratio between 
contrast energy threshold and the spectral density of 
noise at zero frequency, remained constant at all noise 
check heights tested. The constant physical signal-to- 
noise ratio at threshold indicates that contrast energy 
threshold increased in proportion to the spectral density 
of spatial noise, calculated by equation (3), at all check 
heights tested up to the image height, where noise 
became one-dimensional. This means that contrast 
energy threshold increases monotonically when the noise 
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F IGURE 2. The physical signal-to-noise ratio at threshold 
R = [E/N(O, 0)] °-~ plotted as a function of noise check height expressed 
in terms of the fraction of a grating cycle for vertical cosine gratings 
consisting of 4 cycles across the stimulus window and embedded in 
spatial noise. The width of noise checks was constant at 1 image pixel, 
but their height increased from 1 to 256 pixels. The side length of each 
square shaped pixel was 0.042 cm. The r.m.s contrast of noise was 
either constant at 0.3 (circles) or it decreased (squares) from 0.35 to 
0.044 with increasing noise check height (4 256 pixels). The noise 
spectral density at zero frequency N(O, 0) thus either increased from 
1.59 to 406 × 10 4cm2 or it was constant at about 8.64 × 10 4cm2. 
Subject was JM at 0.75 c/deg and HK at 3 c/deg. Viewing distances 
were 116 and 462 cm, respectively. 
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check size increases in a direction perpendicular to the 
luminance modulation i.e. along the bars of a simple 
cosine grating. The constant signal-to-noise ratio in 
Fig. 2 also means that the efficiency of the human 
detection mechanism with respect o the ideal detector 
(Tanner & Birdsall, 1958), i.e. matched filter (Hauske, 
Wolfe & Lupp, 1976), remained constant. Scrutinity of 
Fig. 2 reveals that the physical signal-to-noise ratio at 
threshold is systematically slightly higher for the 
0.75 c/deg grating than for the 3.0c/deg grating. This 
reflects subject dependent differences in signal-to-noise 
ratios and efficiencies at detection threshold. 
In the second experiment, binocular contrast energy 
thresholds E were measured for vertical cosine gratings 
as a function of the width of the noise checks, and for 
polar-circular gratings as a function of the height of the 
noise checks. In the perpendicular direction the side 
length of the noise checks remained constant at 1 pixel. 
Also the contrast of noise was kept constant. For vertical 
gratings it was now the width of the noise checks that 
increased across the grating bars, while their height 
remained constant at 1 pixel. For the polar-circular 
gratings with luminance modulation along the radius of 
the stimulus, the height of the noise checks increased but 
their width was kept constant at 1 pixel. The spectral 
density of noise at zero frequency N(0, 0) for the vertical 
gratings increased as in Fig. 2, and for the polar-circular 
grating it increased from 5.27 to 1350 x 10 Sdeg2 and 
from 3.32 to 851 x 10 6deg2 for spatial frequencies of 
0.75 and 3 c/deg respectively. The results, shown in 
Fig. 3, are expressed in terms of the physical signal-to- 
noise ratio at threshold and plotted as a function of the 
side length of noise checks (n,. or n,.), expressed in terms 
of a fraction of a grating cycle. 
As Fig. 3 shows, the physical signal-to-noise ratio at 
threshold first remained constant but then started to 
decrease with increasing noise check size, irrespective of 
spatial frequencies for both grating types. As the dashed 
line in Fig. 3 reveals, contrast energy threshold also 
started to decrease at the same noise check side length. 
The constant physical signal-to-noise ratio at threshold 
indicates that contrast energy threshold increased in 
proportion to the spectral density of spatial noise as 
calculated by equation (3). At these noise check sizes the 
detection threshold was thus determined by the spectral 
density of noise, and the noise mimicked the effect of 
white spatial noise in grating detection. The decrease of 
contrast energy threshold with increasing check side 
length, on the other hand, implies that the average 
spectral density of noise in the vicinity of the spatial 
frequency of the grating decreased, although the spectral 
density of noise at zero frequency increased. This means 
that the cut-off frequency of noise had decreased too 
much with respect o the spatial frequency of the stimu- 
lus, and therefore spatial noise no longer mimicked the 
effect of white noise in grating detection. 
The critical side length of the noise check refers to the 
largest size that still mimics the effect of white noise in 
grating detection. It is indicated here by the transition 
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FIGURE 3. The physical signal4o-noise ratio at threshold plotted as 
a function of noise check side length expressed in terms of the fraction 
of a grating cycle for vertical and polar-circular cosine gratings. For 
vertical gratings it was now the noise check width that varied whereas 
for polar-circular gratings the check height varied. The width or height 
of the noise check increased from 1 to 256 pixels. In the other direction 
the side length of noise checks remained constant at one pixel. The 
r.m.s contrast of noise was constant at 0.3 and 0.35 for vertical 
and polar-circular gratings, respectively. The noise spectral densities, 
calculated by equation (3) thus increased from 1.59 to 406 and 2.16 x 
to 553 x 10 4 cm 2 for vertical and polar-circular gratings, respectively. 
Subject was HK at 3.0c/deg but JM and OU at 0.75c/deg for the 
vertical and polar-circular gratings respectively. Other details were as 
in Fig. 2. 
threshold to a decrease in the signal-to-noise ratio. The 
horizontal ine corresponds to the average of the hori- 
zontal part of the data. A least squares line of the form 
log R = a log n + b was fitted to the decreasing part of 
the data. The critical noise check side length nc expressed 
in terms of the fraction of a cycle, was found to be 0.24 
irrespective of the grating type or spatial frequency. Its 
inverse indicates the critical number of noise checks per 
grating cycle bc, which refers to the minimum number of 
noise checks per grating cycle needed to mimic the effect 
of white spatial noise in grating detection. The value 
of b+ was thus 4.17. Because 2n c is equal to 0.48 grating 
cycles, the cut-off frequency (f~= l/2nc) of noise 
corresponding to the critical check side length is 2.1 
times higher than the spatial frequency of the gratings 
consisting of 4 cycles. 
In the third experiment, the results of which are shown 
in Fig, 4, the spectral density of noise was kept constant 
by keeping both the check area and r.m.s, contrast of 
noise constant. However, the shape of noise checks was 
changed from one-dimensional vertical noise to one- 
dimensional horizontal noise: as the height of the noise 
checks was decreased from 256 to 1 pixels, their width 
was increased accordingly from 1 to 256 pixels. 
In Fig. 4 the physical signal-to-noise ratio at threshold 
for polar-circular and vertical cosine gratings consisting 
of 4 cycles was plotted as a function of the ratio of the 
width and height of the noise checks. The noise spectral 
densities at zero frequency N(0,0) were constant at 
9.89 x 10 3 and 6.25 x 10 4deg2 for vertical gratings, 
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FIGURE 4. The physical signal-to-noise ratio at threshold for vertical 
and polar-circular cosine gratings plotted against the noise check 
width/height ratio. The gratings were embedded in spatial noise with 
various check shapes but constant area (256 pixels) and spectral density 
of noise. The width of the noise check increased in inverse proportion 
to the height of noise checks. Noise r.m.s, contrast was constant at 0.3 
in Fig. 4A and 0.35 in Fig. 4B. The noise spectral densities were thus 
constant at 0.0406 cm 2 in Fig. 4A and at 0.0553 cm 2 in Fig. 4B. Subject 
was HK for 3 c/deg ratings, JM for the vertical grating at 0.75 c/deg, 
and OU for the polar-circular g ating at 0.75 c/deg. Other details as 
in Fig. I. 
and at 1.35 x 10 2 and 8.51 × 10 4deg2 for polar- 
circular gratings, of 0.75 and 3.0 c/deg respectively. 
As Fig. 4A shows, the physical signal-to-noise ratio 
at threshold, [E/N(0, O)] °5, remained constant for the 
vertical grating when the check width/height ratio was 
equal to or below 1. For these check shapes, the noise 
checks were vertically elongated and their width, i.e. side 
length across grating bars, was such that the number of 
noise checks per grating cycle was at least 4. The result 
of Fig. 4A is thus in agreement with Fig. 3. According 
to Fig. 4A, noise mimicked the effect of white noise 
on grating detection irrespective of the shape of the 
noise checks up to the check width/height ratio of 1. 
At the check width/height ratio of 1, the noise checks 
were square shaped. When the check width/height ratio 
exceeded 1, the noise check width across the grating bars 
exceeded the critical size, and the physical signal-to-noise 
ratio at threshold started to decrease, in accordance with 
Fig. 3. 
As shown in Fig. 4B, the physical signal-to-noise ratio 
at threshold for polar-circular gratings first increased 
and then started to decrease with increasing width/height 
ratio of noise checks. In fact, the ratio was at its 
maximum when the noise check size was square-shaped 
consisting of 16 x 16 pixels, i.e. noise check width/height 
ratio was 1. Therefore, when either the width or height 
of the noise checks increased, the physical signal-to-noise 
ratio at threshold started to decrease, indicating that 
either the vertical or horizontal side length of the noise 
check exceeded the critical value. This decrease indicates 
that the noise spectral density decreased in the vicinity 
of the spatial frequency of the stimulus. When the noise 
check was square-shaped there were 4 noise checks per 
grating cycle both in the horizontal and vertical direc- 
tion, which equalled to the critical number of noise 
checks found in Fig. 3. 
Least squares lines of the form log R = a log S + b, 
where S refers to width/height ratio, were separately 
fitted to the increasing (Fig. 4B) and decreasing (Fig. 4A 
and B) parts of data in each frame. The horizontal ine 
in Fig. 4A corresponds to the average of the horizontal 
part of the data. 
The principal result of Fig. 4A is confirmed by Fig. 1, 
where the vertical grating is hardly visible when the noise 
check width is 4 or 8 pixels, which corresponds to 16 or 
8, i.e. over 4, noise checks per grating cycle across the 
bars. However, when the width of the noise checks 
increases further to 256 image pixels, the vertical grating 
becomes easily visible because the number of noise 
checks per grating cycle is now only 0.25. The strongest 
masking effect for the polar-circular grating is obtained 
when the noise check size is 16 x 16 image pixels, which 
means that the number of noise checks per grating cycle 
is 4 in both the vertical and horizontal directions. When 
noise check side length increases in either the vertical or 
horizontal direction, the polar-circular grating becomes 
easier to see, as the noise check shapes 1 x 256 and 
128 x 2 demonstrate in Fig. 1. 
In Fig. 5 we plotted contrast energy thresholds 
from Figs 2-4 of the current study (Fig. 5A) and 
from our previous study (Kukkonen et al., 1995) for 
gratings comprising 1-64 cycles (Fig. 5B) as a function 
of noise spectral density, calculated by equation (3). 
In Fig. 5A both the shape and size of noise checks 
varied, whereas in Fig. 5B all noise checks were square- 
shaped and only their size varied. We only included 
those data points where neither noise check height nor 
its width exceeded the critical size, and contrast energy 
thresholds were thus proportional to the noise spectral 
density. 
As Fig, 5 demonstrates, contrast energy thresholds 
(E) for both polar-circular and vertical gratings of our 
current study, as well as for all our data from the 
previous study, increased in direct proportion to the 
spectral density (N) of check noise, calculated by 
equation (3). The slope of this increase was +1 when 
plotted in double logarithmic coordinates. Therefore, 





10 .3  ' 
~ 10.4 .
A 
i I I  
i I • 
I I I  
•• I  
e- 
O 
¢0 10 -5 . . . . . . . .  , . . . . . . .  • . . . . . . . .  , . . . . . . .  ~ . . . . . . . .  , 
10 -8 10-5 10 .4 10-3 10-2 10 "1 














/ ~ /  & 1 cycle 
lo .4 JO  ~ o 4 cycles 
o / ~ [] 16 cycles 
• 64 cycles 
10 ~5 . . . . . . . .  , . . . . . . .  ~ . . . . . . . .  w . . . . . . . .  , . . . . . . . .  , 
10  -6 10-1  I 0 -s i 0 -4 I 0.3 i 0 -2 
Noise spectra l  denisty  (deg 2 ) 
FIGURE 5. Contrast energy thresholds for vertical nd polar-circular 
gratings from Figs 2-4 and for vertical gratings comprising 1 64 cycles 
from our previous study (Kukkonen et al., 1995) plotted respectively 
in A and B as a function of the spectral density of check noise, 
calculated by equation (3). Noise checks had various hapes and sizes 
including one-dimensional oise but critical check size was exceeded 
neither in vertical nor horizontal direction. 
equations of the form E := kN were fitted to the data of 
Fig. 5. 
As Fig. 5A shows, the increase of contrast energy 
threshold with the spectral density of noise was indepen- 
dent of check shape and similar for one- and two- 
dimensional noise and for vertical and polar-circular 
gratings comprising 4 cycles. When the equation E = kN 
was fitted to the data of Fig. 5A, the proportionality 
constant was found to be 21. It was obtained as the 
geometrical mean of the ratios (E /N)  calculated for all 
data points. Explained variance, calculated by equation 
(5), was found to be 91%. 
Although contrast energy thresholds for all the data 
of Fig. 5B also increased in direct proportion to the 
spectral density of noise, there was a vertical shift 
upwards in contrast energy thresholds with increasing 
number of grating cycles. When equation E = kN was 
fitted separately to each set of data in Fig. 5B, the value 
of the proportionality constant was found to be 3.2, 13, 
35 and 340 for gratings comprising 1, 4, 16 or 64 cycles 
respectively. Explained variances, calculated by equation 
(5), varied from 96 to 99%. 
In Fig. 5B contrast energy thresholds were lowest for 
gratings comprising 1 cycle and highest for gratings 
comprising 64 cycles. This vertical shift is due to the 
nature of spatial integration in the visual system: when 
the number of grating cycles increases patial integration 
becomes less efficient (Howell & Hess, 1978; Virsu & 
Rovamo, 1979; Nfis/inen et al., 1993; Rovamo, Luntinen 
& N/is~inen, 1993b), resulting in higher contrast energy 
thresholds. Figure 5 also demonstrates that spatial inte- 
gration has the same effect on contrast energy thresholds 
irrespective of the spectral density of noise, in agreement 
with Luntinen et al. (1996). 
DISCUSSION 
Our results showed that when the side length of noise 
checks increased along the bars of a one-dimensional, 
simple, cosine grating, contrast energy threshold in- 
creased in direct proportion to the increasing check area 
and spectral density of noise at zero frequency N(0, 0), 
calculated by multiplying check area by the square of 
r.m.s, contrast of noise. The physical signal-to-noise 
ratio thus remained constant at threshold. The maximal 
masking effect was obtained when the side length of 
noise checks was equal to the length of the grating bars, 
which made the check noise one-dimensional. On the 
other hand, when the side length of noise checks in- 
creased across the bars of the one-dimensional grating, 
or when the stimulus was a polar-circular grating with 
a radial luminance modulation, there was a critical side 
length of noise checks, after which the physical signal-to- 
noise ratio at threshold was no longer constant, but 
decreased with increasing side length of noise checks. 
The critical side length of noise checks was inversely 
proportional to the spatial frequency. Thus the number 
of noise checks per grating cycle is constant, which was 
4 for our gratings comprising 4 cycles. Furthermore, 
when both the width and height of the noise checks were 
varied simultaneously, the noise check shape did not 
have any effect on the physical signal-to-noise ratio at 
threshold as long as the width and height of the noise 
checks were below their critical values. When all the 
contrast energy thresholds found to be proportional to 
the spectral density of check noise from our current and 
previous (Kukkonen et al., 1995) studies were plotted as 
a function of the spectral density of noise, the data for 
each grating size (1 64 cycles) fell on a single increasing 
line with a slope of +1 in double logarithmic co- 
ordinates, irrespective of whether noise was one- or two- 
dimensional. There was only a vertical shift, indicating 
that contrast energy thresholds increased with the 
number of grating cycles. The explained percentage of 
the total variance ranged from 91 to 99%. 
Our result that the physical signal-to-noise ratio at 
threshold was constant for the vertical grating at all 
noise check heights indicates that the side length of the 
noise checks along the bars of the one-dimensional 
grating has no critical value. Thus for one dimensional 
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gratings, only the direction corresponding to the 
direction of  luminance modulation has a critical check 
size. 
When the side length of  noise checks increased across 
the bars of one-dimensional grating consisting of  four 
cycles, check noise mimicked the effect of  white noise 
only when there were at least 4 checks per grating cycle. 
This result is in agreement with Kukkonen et al. (1995), 
who used square-shaped noise checks. For the polar- 
circular grating consisting of  four cycles the critical 
number of  noise checks per grating cycle was 4 both in 
the vertical and horizontal direction. This finding 
suggests that the results of  our previous study, obtained 
with square shaped checks for simple cosine gratings 
consisting of  1-64 cycles (Kukkonen et al., 1995), can be 
extended to polar-circular gratings. Thus the critical 
number of  square shaped noise checks per grating cycle 
should be 4 at 1-4 cycles, decreasing to 2 at 64 cycles, 
for polar-circular gratings. 
The spatial frequency of a polar-circular grating is 
equal along the horizontal and vertical frequency axes of 
Fourier space. Therefore, the critical height and width of  
the noise checks were equal. However, for a compound 
grating consisting of  two spatial frequencies at orien- 
tations of  0 and 90 deg, the critical number of  noise 
checks per grating cycle in the horizontal and vertical 
direction is probably different, and depends on the 
number of  cycles in the vertical and horizontal direction. 
Furthermore, the critical number of  noise checks per 
grating cycle should be greater for a simple grating 
rotated by 45 deg than for a vertical or horizontal 
grating of  the same spatial frequency. This is due to the 
fact that (i) the spectral energy of an oblique grating is 
on the oblique frequency axis of Fourier space and (ii) 
the spectral density of  check noise, calculated by 
equation (3), decreases faster along the diagonal than 
horizontal and vertical frequency axes. On this basis, the 
critical number of  noise checks per grating cycle should 
also be greater for a polar-circular than a vertical 
grating, because the polar-circular grating comprises 
all orientations. However, as our results indicate, the 
horizontal and vertical components of  a polar-circular 
grating seem to have a dominant role in determining the 
critical check size. 
As long as the horizontal and vertical dimensions of  
the noise checks were smaller than critical, and the 
number of  grating cycles was constant, the contrast 
energy threshold was directly proportional to the 
spectral density of  noise calculated by equation (3) for 
both one- and two-dimensional noise. This indicates that 
the spectral density of  both one- and two-dimensional 
spatial noise, especially if their masking effects are 
compared, should be calculated by taking into account 
both the height and width of  the noise checks. This 
aspect of  calculating noise spectral density has not been 
thoroughly considered in previous studies, which have 
generally employed either two-dimensional noise with 
square checks, or one-dimensional noise (Legge et al., 
1987; Pelli, 1981; Kersten, 1984; Kersten et al., 1988). 
However, our result is in agreement with the finding that 
contrast sensitivity for a vertical grating embedded in 
vertical one-dimensional spatial noise is independent of 
grating bar height, as long as contrast sensitivity is lower 
with than without external noise (Rovamo et al., 1993a). 
When the r.m.s, contrast hreshold for a vertical grating 
remains constant with increasing rating height, contrast 
energy threshold increases in proportion to grating 
height. Similarly, the spectral density of one-dimensional 
spatial noise increases in proportion to noise check 
height, because the noise check area is taken into 
account when calculating the spectral density of  one- 
dimensional noise. Therefore the result described in our 
previous paper (Rovamo et al., 1993a) can be explained, 
when the spectral density of  one-dimensional noise is 
calculated by taking into account both the height and 
width of  the noise checks. 
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